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ABSTRACT
We present neutral hydrogen (H I) observations using the Robert C. Byrd Green Bank Telescope
(GBT) of 70 optically-detected UDG candidates in the Coma region from the Systematically Measuring
Ultra-Diffuse Galaxies survey (SMUDGes). We detect H I in 18 targets, confirming 9 to be gas-rich
UDGs and the remainder to be foreground dwarfs. None of our H I-detected UDGs are Coma Cluster
members and all but one are in low-density environments. In our deep SMUDGes imaging, the H I-
detected UDGs are bluer and have more irregular morphologies than the redder, smoother candidates
not detected in H I, with the combination of optical color and morphology being a better predictor of
gas richness than either parameter alone. There is little visual difference between the gas-rich UDGs
and the foreground dwarfs in the SMUDGes imaging, and distances are needed to distinguish between
them. We find that the gas richnesses (MHI/M∗) of our UDGs scale with their effective radii (Reff )
in two stellar mass bins, consistent with predictions from star formation feedback models of UDG
formation. When optical inclinations are used to estimate rotation velocities (Vrot) from measured
H I linewidths, 7/9 of our UDGs deviate from the baryonic Tully-Fisher relation (BTFR). However,
small changes in projected disk geometry plausibly explained by the application of smooth photometric
models to clumpy objects reconcile our UDGs with the BTFR. These observations are a pilot for a
large campaign now underway at the GBT to use the H I properties of gas-rich UDGs to quantitatively
constrain how these galaxies form and evolve.
Keywords: galaxies: distances and redshifts – galaxies: dwarf – galaxies: evolution – galaxies: gas –
galaxies: low surface brightness
1. INTRODUCTION
The study of the low surface brightness (LSB) galaxy
population has been reinvigorated as a result of improve-
ments in astronomical instrumentation (e.g., Abraham
& van Dokkum 2014; Aihara et al. 2018) and data re-
duction methods (e.g., Fliri & Trujillo 2016; Trujillo &
Fliri 2016), as well as the use of novel image search-
ing algorithms (e.g., Bennet et al. 2017; Mu¨ller et al.
2018; Prole et al. 2018; Zaritsky et al. 2019; Carlsten
et al. 2020). Among this surge of new discoveries are ul-
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tra diffuse galaxies (UDGs, van Dokkum et al. 2015a), a
population of extended LSB galaxies akin to those dis-
covered in early studies (e.g., Sandage & Binggeli 1984;
Impey et al. 1988; Bothun et al. 1991).
In their survey of the Coma Cluster, van Dokkum
et al. (2015a) presented the first significant sample of
UDGs, proposing size (Reff > 1.5 kpc) and surface
brightness (µ0,g & 24 mag/arcsec2) criteria that have
since been widely adopted to define them. To date, over
1000 UDG candidates have been discovered in subse-
quent searches of the Coma Cluster (e.g., Koda et al.
2015; Yagi et al. 2016; Zaritsky et al. 2019) and sev-
eral other clusters (e.g., Mihos et al. 2015; Beasley et al.
2016; Shi et al. 2017; Venhola et al. 2017; Mancera Pin˜a
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et al. 2019a; Lee et al. 2020), as well as a growing number
in lower density environments (e.g., Mart´ınez-Delgado
et al. 2016; Bellazzini et al. 2017; Roma´n & Trujillo 2017;
Leisman et al. 2017; Trujillo et al. 2017; Bennet et al.
2018; Roma´n et al. 2019; Barbosa et al. 2020).
Across these environments there exists a large diver-
sity in the physical properties of UDGs, similar to that
seen in the high surface brightness galaxy population.
Most UDGs seem to be embedded in dwarf galaxy-mass
dark matter halos (e.g., Beasley & Trujillo 2016; Amor-
isco et al. 2018; Chilingarian et al. 2019; Prole et al.
2019b), although there is evidence that at least some are
in more massive halos (van Dokkum et al. 2016; Zaritsky
2017; Forbes et al. 2020). While UDGs found in clusters
tend to be red (i.e., quiescent) and smooth, those in
lower density environments are bluer (i.e., star forming)
and have more irregular morphologies (Roma´n & Tru-
jillo 2017; Prole et al. 2019a). Some UDGs exhibit ex-
treme properties that pose challenges to proposed galaxy
formation mechanisms, such as high dark matter frac-
tions (van Dokkum et al. 2016; Beasley et al. 2016),
dark matter deficiencies (van Dokkum et al. 2018, 2019;
although see Trujillo et al. 2018), and offsets from es-
tablished galaxy scaling relations such as the baryonic
Tully-Fisher relation (Mancera Pin˜a et al. 2019b, 2020).
Proposed UDG formation mechanisms generally fall
into two categories: internally and externally-driven
physics. Isolated (i.e., field) UDGs may be formed
through one of two internal mechanisms. Amorisco
& Loeb (2016) suggest that UDGs formed in dwarf
dark matter halos with elevated angular momenta, nat-
urally explaining their extended sizes. Alternatively,
using the NIHAO (Numerical Investigation of a Hun-
dred Astrophysical Objects, Wang et al. 2015) suite of
simulations, di Cintio et al. (2017) show that UDG-like
objects can form through bursty star-formation early
in their evolution resulting in a more extended, diffuse
matter distribution. The red, smooth UDGs observed
in groups and clusters may represent the population
of field UDGs that formed through the aforementioned
mechanisms and were subsequently quenched via ram-
pressure and/or tidal effects (Yozin & Bekki 2015; Liao
et al. 2019; Jiang et al. 2019; Carleton et al. 2019). How-
ever, some may form initially as typical dwarf galaxies
that are tidally disturbed after in-fall into a cluster or
by a massive companion (Bennet et al. 2018; Sales et al.
2020).
In order to constrain which of these proposed for-
mation mechanisms explains the origin of the detected
UDGs, larger samples of UDGs with distance measure-
ments are required, particularly in the field where infer-
ring distances by projected separation from clusters or
groups is not possible. While some optical distances to
UDGs have been obtained (van Dokkum et al. 2015b;
Bellazzini et al. 2017; Kadowaki et al. 2017; Alabi et al.
2018; Ferre´-Mateu et al. 2018; Ruiz-Lara et al. 2018;
Chilingarian et al. 2019; Mart´ın-Navarro et al. 2019),
sample sizes are limited due the large spectroscopic
follow-up times required at low surface brightnesses.
By contrast, the neutral hydrogen (H I) in gas-rich
UDGs can not only provide a distance measure but
also help distinguish among formation mechanisms. The
H I redshift provides kinematic distances for candidates
that can distinguish foreground dwarfs (Reff < 1.5 kpc)
from true UDGs (Reff > 1.5 kpc), and linewidths re-
flect their internal dynamics. The H I flux provides the
gas mass, which the star-formation feedback models pre-
dicts is greater for larger systems of the same stellar
mass. H I follow-up observations of UDG candidates
have been demonstrated to be feasible with single-dish
radio telescopes (Papastergis et al. 2017; Spekkens &
Karunakaran 2018) and searches through extant blind
H I survey data have also been fruitful (Leisman et al.
2017).
The Systematically Measuring Ultra-Diffuse Galaxies
(SMUDGes; Zaritsky et al. 2019, hereafter Z19) survey
is uniquely positioned to produce samples of UDG can-
didates for H I follow-up observations across a range
of environments, as the depth and coverage of the DE-
CaLS data used to detect UDG candidates are un-
matched. The SMUDGes pilot survey searched publicly
available DECaLS data (one of three DESI pre-imaging
Legacy surveys, see Dey et al. 2019 for details) for large
(reff > 5.3
′′ = 2.5 kpc atDComa ∼ 100Mpc) UDG can-
didates in a 290 deg2 region centered on the Coma Clus-
ter. The 275 UDG candidates resulting from that search
(Z19) as well as subsequent SMUDGes detections pro-
vide ample targets to pilot a large follow-up campaign.
In this paper, we present pilot H I observations along
the lines-of-sight to 70 SMUDGes UDG candidates,
which represent the first phase of a large H I follow-up
campaign using the Robert C. Byrd Green Bank Tele-
scope (GBT). We aim to obtain redshift measurements
to UDG candidates and characterize the gas properties
of confirmed UDGs to constrain their formation mecha-
nisms.
The structure of this paper is as follows. In Section
2, we describe our H I target selection. We outline
our observations and data reduction procedure in Sec-
tion 3. In Section 4, we present the properties of our
H I detections and non-detections. In Section 5, we
discuss the environmental and morphological properties
of H I detections and non-detections, place initial con-
straints on UDG formation mechanisms, and discuss our
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UDGs in the context of the baryonic Tully-Fisher rela-
tion. We conclude and outline future work in Section
6. Throughout this work we use DComa = 100 Mpc,
H0 = 70km s
−1Mpc−1, ΩΛ = 0.7, and Ωm = 0.3.
2. SAMPLE SELECTION
We select H I follow-up targets from the SMUDGes
pilot sample (Z19) and subsequent searches of the DE-
CaLS data. Focused on the 290 deg2 region centered
on the Coma Cluster, the SMUDGes pilot survey em-
ployed a semi-automated UDG candidate identification
procedure, described in detail in Z19. Briefly, the DE-
CaLS observations were preprocessed to remove any de-
fects, and then foreground or background sources sig-
nificantly brighter than UDGs were replaced with back-
ground noise. Next, these processed images were spa-
tially filtered to various scales using wavelet transforms,
and diffuse objects are identified using SEP (Barbary
2016; Bertin & Arnouts 1996). In order to compare re-
sults with other studies (e.g., van Dokkum et al. 2015a;
Yagi et al. 2016), their photometric properties were then
modeled as exponential profiles using GALFIT (Peng
et al. 2010) and only objects with reff > 5.3
′′(Reff =
2.5 kpc atDComa
1) and µ0,g > 24 mag arcsec
−2 were
kept. The remaining objects were examined by eye, and
275 classified as bona-fide UDG candidates.
We select 34 of the 275 SMUDGes UDG candidates
with mg . 19.5 mag to follow up in H I (listed as
Z19 in column 14 of 1). This magnitude limit combined
with gas richness scaling relations for local dwarfs (e.g.,
Bradford et al. 2015) implies that integration times of
no more than a few hours are required to follow up
each source (see Section 3). A subsequent optical search
within the same region using an improved SMUDGes
pipeline (Zaritsky et al., in prep) detected an additional
36 UDG candidates that satisfied the above magnitude
limit and we include in our H I follow-up sample (listed
as K20 in column 14 of Table 1). In order to obtain
more reliable physical and photometric parameter es-
timates these candidates were subsequently reanalyzed
with GALFIT while letting the Se´rsic index vary and are
listed in columns (4)-(11) of Table 1. The optical prop-
erties of the 36 UDG candidates are largely consistent
with the sample selected from Z19, although there are
a few candidates with smaller sizes (reff > 4.6
′′) and
higher surface brightnesses (µ0,g > 22.7 mag arcsec
−2).
Some of these candidates have mg > 19.5 mag (our H I
follow-up criterion) because initial estimates were used
during the target selection. There is some overlap of the
1 We use reff for angular sizes and Reff for physical sizes
throughout this paper.
UDG candidates in SMUDGes with other UDG samples
(see Z19). Of the 36 UDG candidates we present here,
6 have been either presented in other work and/or pre-
viously detected in H I. We include references for these
objects in column 14 of Table 1.
In total, our H I follow-up sample consists of 69 UDG
candidates in the Coma Cluster region and 1 outside
of it2. Their projected spatial distribution relative to
galaxies from the SDSS DR15 (Aguado et al. 2019) with
5000km s−1 < cz < 9000km s−1 is shown in Figure 1.
We do not select on color in this work despite its ac-
curacy for predicting gas richness in the high surface
brightness galaxy population (e.g., Catinella et al. 2012;
Brown et al. 2015). Instead, we investigate the relation-
ship between color and gas-richness in Sections 4.2 and
5.
3. OBSERVATIONS AND DATA REDUCTION
We performed 88 hours of position-switched H I obser-
vations between 2018 February and 2018 August using
the GBT along the lines of sight (LOS) to the 70 UDG
candidates in Table 1 (program AGBT18B-239). 9 ob-
jects were observed with an offset between the optical
centroid and the LOS in order to minimize contamina-
tion from known nearby objects (see Section 4.1). These
objects are indicated with an asterisk next to their RA
in Table 1.
Our observational setup and data reduction procedure
are similar to those used in Karunakaran et al. (2020),
which we briefly outline here. We used the L-band re-
ceiver and the Versatile GBT Astronomical Spectrome-
ter (VEGAS) with a spectral resolution of 3.1 kHz and
a wide bandpass of 100 MHz which allows for the detec-
tion of H I emission lines out to VHelio ∼ 14000 km s−1.
We estimate the integration times for our targets using
mg to reach a gas richness of
MHI
Lg
∼ 1 ML with S/N = 5
in a single 50 km s−1 channel. Gas richness is a distance-
independent quantity since both MHI and Lg scale with
distance squared. Therefore, a single spectrum allows us
to search for an H I reservoir in our targets anywhere
within the wide bandpass.
The data were reduced using the standard GBTIDL3
procedure getps. We remove narrow-band and broad-
band radio frequency interference before smoothing our
spectra to our desired resolutions, following the same
procedure as Karunakaran et al. (2020). Furthermore,
we scale the fluxes in our final spectra up by 20% to ac-
2 The exception is SMDG1103517+284118 which falls outside
the Coma Cluster region and was nonetheless included as a target
of interest.
3 http://gbtidl.nrao.edu/
4 Karunakaran et al.
180185190195200205210
RA (deg)
15
20
25
30
35
40
D
ec
(d
eg
)
HI detections, UDGs
HI detections, dwarfs
HI non-detections
SDSS
R=3 Mpc
Figure 1. Projected sky distribution of our UDG candidate H I follow-up sample in the Coma Cluster region (colored points),
with galaxies from SDSS DR15 with 5000km s−1 < cz < 9000km s−1 plotted as small grey circles. Our sample is subdivided into
H I detections of UDGs (blue stars), H I detections of foreground dwarf galaxies (green squares), and H I non-detections (red
circles). The orange open circle is centered on the Coma Cluster (α = 12h59m48.7s; δ = 27◦58′50′′, Kadowaki et al. 2017) and
has a radius of ∼ 3 Mpc that represents the virial radius of the Coma Cluster (Kubo et al. 2007).
count for the systematic offset in the GBT noise diode
calibration values reported by Goddy et al. (2020). The
RMS noise, σ50, for each spectrum at ∆V = 50 km s
−1
resolution is given in column 13 of Table 1.
We examined the calibrated, RFI-excised spectra by-
eye after smoothing to multiple resolutions from 5 −
50 km s−1 for statistically significant emission. We de-
tect H I emission along the LOS to 18 UDG candidates
(column 15 of Table 1). We show their spectra in Fig-
ure 2 at ∆V given in Tables 2 and 3, which also lists
all other properties we have derived from these H I de-
tections. We find no significant H I emission associated
with the 52 remaining targets and place stringent 5σ
the upper limits on H I mass, M limHI , and gas richness,
M limHI /Lg, which are listed in Table 4.
4. RESULTS
4.1. Properties of H I Detections
We detect H I along the LOS to 18 UDG candi-
dates, and their spectra are shown in Figure 2. At
our observing frequency of ∼ 1.4 GHz, the GBT beam
(FWHM ∼ 9.1′) response is well understood down to
≈ −30dB (e.g., Spekkens et al. 2013). We therefore
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search through NED4 and the DESI Legacy Imaging
Survey Sky Viewer5 for objects within 30′ of the LOS
that may present themselves as gas-rich interlopers in
our spectra for all of our targets. We find no such inter-
lopers for any of our H I detections, and conclude they
are the H I counterparts to the corresponding UDG can-
didates.
We derive distance-independent quantities from the
spectra (systemic velocity, Vsys, and velocity width,
W50) as described in Karunakaran et al. (2020) and
briefly outline the method here. Using a first-order poly-
nomial fit to each edge of the H I profile between 15%
and 85% of the peak flux value, we find the velocities
corresponding to the 50% flux value. Their mean cor-
responds to Vsys (column 4 of Tables 2 and 3) and the
difference corresponds to W50. The latter is corrected
for instrumental and cosmological redshift broadening
to produce W50,c (column 5 of Tables 2 and 3). We as-
sume an uncertainty of 50% for the instrumental broad-
ening correction, which dominates the uncertainties on
Vsys and W50,c.
Distances are required to confirm candidates as true
UDGs. Using Vsys and the Hubble-Lemaˆıtre Law, we
estimate kinematic distances for all of our H I detec-
tions. Interestingly, they are almost equally split be-
tween foreground (DHI < 40 Mpc) and background ob-
jects (DHI > 80 Mpc): this emphasizes how gas-rich
diffuse objects at different distances can look similar on
the sky (see also Figures 6 and 7), an issue that we
discuss further in Section 5.1. Based on these distances
and the angular sizes listed in Table 1, we confirm 9 new
UDGs with Reff > 1.5 kpc and µ0,g & 24 mag arcsec−2,
and give their H I properties in Table 2. The remaining
detections are dwarfs in the foreground of Coma; their
derived H I properties are in Table 3. To the best of
our knowledge, these H I-confirmed UDGs represent the
largest sample of gas-rich optically-selected UDGs.
In the left panel of Figure 3, we compare the dis-
tribution of W50,c for our H I-confirmed UDGs (or-
ange) to those of the H I-bearing ultra-diffuse sources
(HUDs) samples, HUDs-B (green) and HUDs-R (pur-
ple), from Leisman et al. (2017). The HUDs-B and -
R samples are distinguished by their “broad” and “re-
strictive” optical selection criteria (see Leisman et al.
2017 for more details) with the latter sample using the
same criteria used in this work. We also include galax-
4 The NASA/IPAC Extragalactic Database (NED) is operated
by the Jet Propulsion Laboratory, California Institute of Tech-
nology, under contract with the National Aeronautics and Space
Administration.
5 http://legacysurvey.org/viewer
ies in the ALFALFA α.40 catalog (Haynes et al. 2011).
Our H I-confirmed UDGs span a broad range in W50,c
and are generally more consistent with the HUDs sam-
ples than galaxies in ALFALFA. During our literature
search for possible H I interlopers we discovered that 5
of our 18 H I detections were previously reported as gas-
rich objects. Of these previously detected objects, 1 is a
UDG (SMDG1220188+280132) that has been detected
by ALFALFA. It was not included in the HUDs sam-
ple, likely due to their distance criteria (Leisman et al.
2017). Therefore, we present SMDG1220188+280132 as
a UDG here for the first time.
We calculate the H I flux, SHI =
∫
SδV , by integrating
over the line profile. We use these fluxes and our kine-
matic distances to determine H I masses, MHI , using
the standard equation for an optically thin gas (Haynes
& Giovanelli 1984):
MHI = 2.356× 105(DHI)2SHI M, (1)
where the distance, DHI , is in Mpc and SHI is in
Jy km s−1. Uncertainties are determined following the
methods of Springob et al. (2005). H I masses are listed
in column 8 of Tables 2 and 3.
For the H I-confirmed UDGs we estimate several other
properties. We calculate the stellar masses, M∗, (col-
umn 9 of Table 2) using mg and g − z from Table 1 in
the relations of Zibetti et al. (2009, Table B1) and as-
suming DHI . In the middle panel of Figure 3, we show
the H I-confirmed UDGs in the MHI −M∗ plane, along
with the HUDs samples (-B: green circles and -R: purple
squares) and galaxies from the α.40 catalog with SDSS
and GALEX coverage from Huang et al. (2012, grey cir-
cles). We find that our UDGs are broadly consistent with
both the HUDs and α.40 samples. Finally, we estimate
baryonic masses as Mbary = 1.33MHI +M∗ (column 10
of Table 2).
In Figure 4, we show the relationship between gas-
richness, MHI/M∗, and size, Reff , for our H I-confirmed
UDGs in two stellar mass bins: red circles show UDGs
with log(M∗/M ≤ 7.5), while blue triangles show
UDGs with log(M∗/M > 7.5). There is some evidence
that larger UDGs are more gas-rich in both stellar mass
bins; we return to this issue in Section 5.2.
We calculate inclinations for the H I-confirmed UDGs
(column 12 of Table 2) using the standard formula:
cos2(i) =
(b/a)2 − q20
1− q20
, (2)
where b/a is the optical axial ratio listed in column 9 of
Table 1 and assuming an intrinsic axial ratio of q0 = 0.2
for a circular disk. Using these inclinations along with
W50,c, we estimate their rotational velocities (column
6 Karunakaran et al.
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Figure 2. H I detections along the LOS to UDG candidates in our sample. The first 9 panels show targets that satisfy the UDG
size criterion of Reff > 1.5kpc given their redshifts (confirming them as UDGs), while the last 9 panels show targets which
do not (confirming them as foreground dwarfs). Target names and classification (UDG or Dwarf) are in the top-right corner of
each panel. The spectral resolutions ∆V of the plotted spectra and the derived properties of the H I detections are in Tables 2
and 3 for UDGs and foreground dwarfs, respectively.
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13 of Table 2) assuming that Vrot = W50/(2sini) and
that the stellar and H I disks are aligned. We discuss
the reliability of such estimates and their implications
for scaling relations such as the baryonic Tully-Fisher
Relation (BTFR) in Section 5.3.
Some indication of how the UDGs are embedded in
their parent halos may be gleaned from the spin param-
eter estimator, λ, from Hernandez et al. (2007):
λ = 21.8
Rd
V
3/2
rot
= 12.96
Reff
V
3/2
rot
. (3)
This estimator assumes that the galaxies are embedded
in self-gravitating, isothermal, virialized dark matter ha-
los, have flat rotation curves with amplitudes Vrot, ex-
ponential disks with scale-lengths Rd, and a total disk
mass (i.e. baryonic mass) fraction M∗/Mtotal = 0.04.
We modify the original equation by converting from Rd
to Reff resulting in the second equality. We stress that
these values of λ we calculate are merely estimates for
comparative purposes and carry large uncertainties. In
the right panel of Figure 3, we compare λ between our
H I-confirmed UDGs (orange), the HUDs-B (green) and
HUDs-R (purple) samples. We also show the best-fitting
log-normal distribution to the α.40 catalog (dashed, grey
line; Huang et al. 2012). The UDGs in our sample are
broadly more consistent with galaxies in the HUDs-R
sample than those in HUDs-B and ALFALFA. In par-
ticular, two of our UDGs (SMDG1241424+273353 and
SMDG1315427+311846) have extreme λ values com-
pared to the most extreme objects from HUDs-R. We
return to this issue in Section 5.2.
4.2. H I Non-detections
We find no statistically significant H I signals along
the LOS to 52/70 targeted UDG candidates that can
be attributed to these objects. We smooth their spectra
to ∆V = 50 km s−1 and list their representative RMS
noise, σ50, in column 13 of Table 1. We modify equation
1 to place stringent, 5σ H I-mass upper limits
M limHI = 5.89× 107(Dlim)2σ50 M, (4)
where Dlim is the adopted distance in Mpc. In most
cases we assume the Coma Cluster distance of Dlim =
DComa = 100 Mpc, aside from a few exceptions de-
scribed below. We also set (distance-independent) upper
limits on the ratio of H I-mass to g−band luminosity,
M limHI /Lg, and list all of the calculated properties for
non-detections in Table 4.
We briefly highlight a few of the H I non-detections
in our sample. SMDG1221577+281436 was reported as
the marginal H I detection of a nearby, gas-rich dwarf
galaxy with VHelio = 450 ± 8 km s−1 in Huchtmeier
et al. (2009, d1221+2814). However, when we smooth
our spectra to match their velocity resolution we see no
signal despite our deeper data. SMDG1253151+274115
(first reported as DF30 in van Dokkum et al. 2015a)
and SMDG1251013+274753 were confirmed as UDGs
via optical spectroscopy in Kadowaki et al. (2017) and
Kadowaki et al., in prep, with Vopt = 7316 ± 81 km s−1
and Vopt = 6118 ± 45 km s−1, respectively. The for-
mer was confirmed as a Coma Cluster member and
we use Dlim = 100 Mpc to estimate H I properties.
The latter was confirmed to lie outside the Coma Clus-
ter, and therefore we estimate its distance using Vopt
and the Hubble-Lemaˆıtre Law to be Dlim = 87 Mpc.
In addition, Kadowaki et al. (in prep) find velocities
for SMDG1217378+283519 (Vopt = 493 ± 69 km s−1)
and SMDG1221086+292920 (Vopt = 1024 ± 66 km s−1)
that place them well in the foreground of Coma, and
we use the corresponding Dlim to compute M
lim
HI .
SMDG1302417+215954 (IC 4107) has previously been
reported as an H I non-detection (Schombert et al.
1992). One SDSS spectrum of this object classifies it as
a star6 with Vopt = 267 km s
−1 (Kim et al. 2014), while
another classifies it as a QSO7 with V > 100, 000 km s−1.
We adopt Dlim = 3.8 Mpc using the lower SDSS ve-
locity, consistent with both its morphology and the
Karachentsev et al. (2014) association of this object
with the NGC 4826 group.
In Figure 5, we show MHI/Lg for our H I detec-
tions of UDGs (blue stars) and foreground dwarfs (green
squares), and M limHI /Lg for our H I non-detections (red
downward arrows) as a function of g − r (left panel)
and g − z (right panel). The vertical dashed lines in
each panel show the median colors of the follow-up sam-
ple as a whole: g − r = 0.53 and g − z = 0.79. We
note that our upper limits are generally higher than the
MHI/Lg = 1M/L used to estimate the required inte-
gration times. There are three potential reasons for this
reduction in sensitivity: integrations/scans flagged due
to RFI, 20% calibration adjustment, and/or noisier than
expected data. By and large, our H I detections have
colors that are bluer than the H I non-detections but
the scatter is large (see also Figures 6 and 7); in the left
panel, we also show the median g−r = 0.35 of the entire
HUDs sample as the vertical dashed-dotted line. Several
of our H I detections, including 6/9 UDGs, hover around
this line and the vast majority of our non-detections lie
on its redder side. We discuss the differences between
6 http://cas.sdss.org/dr7/en/get/specById.asp?id=
746142786461368320
7 http://skyserver.sdss.org/dr12/en/get/SpecById.ashx?id=
2983699425022470144
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Figure 3. Comparison of derived properties between our H I-confirmed UDGs and other similar samples. Left : Distribution
of W50 for UDGs in our sample (orange), the HUDs-B and -R samples (purple and green, respectively), and galaxies from the
α.40 catalog with SDSS and GALEX coverage (grey). Middle : MHI −M∗ relation for the same samples as in (a). Right :
Distribution of the spin parameter estimator, λ, for the same samples as in (a). The dashed line shows the best-fitting log-normal
function to the sample from Huang et al. (2012).
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Figure 4. Gas-richness as a function of size for our 9 H I-
confirmed UDGs separated into two stellar mass bins: red
circles show UDGs with log(M∗/M) ≤ 7.5, while blue tri-
angles show UDGs with log(M∗/M) > 7.5.
the optical properties of our H I-confirmed UDGs, fore-
ground dwarfs, and H I non-detections in Section 5.1.
5. DISCUSSION
With our pilot sample of H I-confirmed UDGs, fore-
ground dwarfs, and H I non-detections in hand, we pro-
vide some initial insight on three main questions our sur-
vey aims to answer: 1. Are there optical features that
distinguish bona-fide gas-rich UDGs from foreground
dwarfs or H I non-detections among UDG candidates?
2. What constraints, if any, do our H I-confirmed UDGs
place on formation mechanisms? 3. How unusual are
UDGs in the context of local galaxy scaling relations?
We address these questions in Sections 5.1, 5.2, and 5.3,
respectively.
5.1. Comparing UDGs with H I Detections and
Non-detections
Our follow-up H I observations of 70 SMUDGes UDG
candidates have revealed 9 gas-rich UDGs and 9 gas-rich
foreground dwarfs galaxies, while the remaining 52 tar-
gets were not detected in H I. In this section, we explore
differences between the environment and optical/NUV
properties of these subsamples both to improve our de-
tection efficiency in the full survey as well as to constrain
the properties of H I-rich and H I-poor objects in the
LSB regime.
We first revisit the spatial distribution of the follow-
up targets shown in Figure 1. The projected distribution
of our sample spans both high and low density regions
around Coma, with no obvious difference in location
relative to the large-scale filamentary structure (grey
circles) between H I detections (blue stars and green
squares) and non-detections (red circles). This qualita-
tively suggests that there is no strong correlation be-
tween H I content and projected environment, implying
that sky location is not a good predictor of gas richness
among pilot sample galaxies.
Quantitatively, we find that none of the H I-confirmed
UDGs are Coma Cluster members based on their red-
shifts and projected spatial separations. Furthermore,
only one of these objects (SMDG1248019+261236) has
at least one massive companion (Mg < −19 mag) that
projects within 300 kpc and within ±500 km s−1 (Kad-
owaki et al., in prep). While not obvious from Figure
1, our H I-confirmed UDGs reside in sparse environ-
ments. These findings are generally consistent with pre-
vious work that has investigated the environmental de-
pendence of gas content (Brown et al. 2017).
We next investigate whether or not discernible NUV
emission in archival GALEX imaging predicts a de-
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Figure 5. MHI/Lg (blue stars and green squares for H I-confirmed UDGs and foreground dwarfs, respectively) and M
lim
HI /Lg
(red downward arrows for non-detections) as a function of g− r (left) and g− z (right) color for our sample. The dashed vertical
lines in each panel show the median g − r = 0.53 and g − z = 0.79 colors for our sample. For comparison, we show the median
g − r = 0.35 color of the HUDs sample (Leisman et al. 2017) in the left panel with a vertical dash-dotted line.
tectable H I reservoir among UDG candidates. The vast
majority of pilot survey targets that are in the GALEX
footprint do not have detectable NUV emission, which is
commensurate with the findings of Singh et al. (2019) for
the broader SMUDGes sample. This is also the case for
our H I detections with GALEX All-sky Imaging Survey
(AIS; Morrissey et al. 2007; Bianchi 2009) coverage, rais-
ing the possibility that AIS-depth NUV imaging is not
sufficient to detect ongoing star formation in UDGs. We
therefore examine the subset of pilot survey targets with
GALEX NUV exposures of at least 1000 seconds, i.e.,
Medium Imaging Survey (MIS) depth or ∼5-10 times
deeper than the AIS. Of the 32 pilot survey targets in
this category, 14 have discernible GALEX emission. All
of these objects for which our H I spectra are sensitive to
at least MHI/Lg = 2M/L across the observed band
have been detected in H I, while many of the objects for
which deep GALEX images reveal no NUV emission are
H I non-detections with M limHI /Lg < 1.5M/L. This
suggests that MIS-depth NUV imaging is a good predic-
tor of gas richness among SMUDGes UDG candidates.
Finally, we compare the DECaLS optical morpholo-
gies of the H I-confirmed UDGs, the H I-detected fore-
ground dwarfs, and UDG candidates that we did not
detect in H I. Figure 6 shows composite grz cutouts of
the H I-confirmed UDGs (top blue box) and UDG can-
didates that we did not detect in H I (bottom red box)
selected to match the reff and mg of our H I detections.
The white ellipse in each panel denote the best-fitting
GALFIT model of the object, and the color of that
model is given in the top-right corner. On the whole, the
H I-detected UDGs are bluer than the UDG candidates
that we do not detect, although as illustrated in Figure 5
the scatter in color is large (c.f. SMDG1301005+210355
which we do detect in H I, and SMDG1223448+295949
which we do not). This is consistent with the clear trends
seen at higher surface brightnesses (Huang et al. 2012;
Catinella et al. 2012; Brown et al. 2015) as well as in
other LSB studies (Leisman et al. 2017; Greco et al.
2018; Prole et al. 2019a), suggesting that star formation
proceeds similarly in high and low surface brightness
galaxies (Bell et al. 2000).
Figure 6 also illustrates that the H I-detected UDGs
are more irregular in morphology than the undetected
UDG candidates, although there is some scatter (c.f.
SMDG1230359+273311 which we do detect in H I, and
SMDG1253151+274115 which we do not). On the other
hand, the combination of DECaLS-depth color and mor-
phology does appear to predict gas richness: blue and
irregular objects in our pilot sample are almost invari-
ably gas-rich, while red and smooth objects are invari-
ably gas-poor. The efficiency of future H I follow-up
UDG campaigns can therefore be increased relative to
the statistics presented here by preferentially targeting
candidates that are both blue and irregular.
Do our H I-confirmed UDGs differ in optical morphol-
ogy from our gas-rich foreground dwarfs? To address
this question, Figure 7 shows composite grz cutouts of
the foreground dwarfs in our pilot sample for compari-
son with the H I-confirmed UDGs in Figure 6. Among
gas-rich objects, the foreground dwarfs tend to have
larger angular sizes than the confirmed UDGs, consis-
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tent with Z19’s hypothesis using a clustering analysis.
The bluest gas-rich objects that we detect are also fore-
ground dwarfs and not confirmed UDGs. While some
stars in the very nearby dwarf SMDG1255412+191221
begin to appear resolved in the DECaLS imaging, we
find no clear difference in optical morphology between
bona-fide UDGs and foreground dwarfs in the pilot
sample, making the two difficult to distinguish among
follow-up targets. Blue foreground dwarfs are there-
fore an important potential contaminant among gas-rich
UDG candidates identified by their optical colors and
morphologies alone. Distance information is therefore re-
quired to identify UDGs in the field.
5.2. Constraining Formation Mechanisms
The stellar masses and velocity widths of our H I-
confirmed UDGs are commensurate with them being
dwarf galaxies, in line with other estimates for UDGs in
a variety of environments (e.g., Sifo´n et al. 2018; Pandya
et al. 2018; Zaritsky et al. 2019; Barbosa et al. 2020).
How UDG-like field dwarfs could form is an active area
of research (see Section 1). Here, we compare the H I
properties of confirmed UDGs against formation mech-
anism predictions.
The star-formation feedback model presented by di
Cintio et al. (2017) predicts that UDGs in the field to-
day have gas richnesses that scale with their sizes at
fixed stellar mass. As shown in Figure 4, we find ev-
idence for a trend between MHI/M∗ and Reff when
the H I-confirmed UDGs are subdivided into two stellar
mass bins. A similar tentative trend was identified by
Spekkens & Karunakaran (2018) among gas-rich UDGs
around Hickson Compact Groups. We note that the
combination of deep H I and optical imaging for both
samples allow for MHI and Reff to be robustly mea-
sured in a test of this prediction.
The di Cintio et al. (2017) simulations predict that
UDGs formed in halos with comparable spin parame-
ters to galaxies of similar stellar mass but less massive
H I reservoirs. The relatively large spin parameter esti-
mators of our UDGs, as shown in Figure 3, suggest that
this may not be the case, instead being potentially com-
mensurate with the predictions from high-spin halo for-
mation models (Yozin & Bekki 2015; Amorisco & Loeb
2016; Rong et al. 2017; Liao et al. 2019). However, the
spin estimators, λ, are extremely uncertain (Leisman
et al. 2017; Mancera Pin˜a et al. 2020) and depend on a
number of assumptions (e.g., disk inclinations) which we
discuss in detail below. Moreover, λ estimates the spins
of the baryons in present-day UDGs, not the spins of the
halos in which those systems formed. We therefore con-
clude that spin parameter estimators have little power to
constrain UDG formation models and that, on balance,
the H I properties of our confirmed UDGs are consistent
with the predictions from the di Cintio et al. (2017) for-
mation models. More data are needed to quantify this
comparison, which we anticipate undertaking with data
from the full survey.
5.3. Disk Geometry and the BTFR
In Figure 8, we show the BTFR composed of three
samples of galaxies with spatially-resolved H I maps:
SPARC (purple squares, Lelli et al. 2016), LITTLE
THINGS (black circles, Iorio et al. 2017), and SHIELD
(green triangles, Cannon et al. 2011). Vrot is typi-
cally measured using a tilted-ring approach (Rogstad
et al. 1974; Sicking 1997) that fits for the disk geom-
etry and rotation simultaneously to break the degen-
eracy between Vrot and sini in the line-of-sight veloci-
ties. The cyan diamonds in Figure 8 show the 6 HUDs
with marginally-resolved H I maps from Mancera Pin˜a
et al. (2019b). In this regime standard tilted-ring tech-
niques cannot reliably disentangle Vrot and sin i (e.g., Di
Teodoro & Fraternali 2015; Kamphuis et al. 2015; Lewis
2019), and a novel method where i is estimated sepa-
rately from Vrot by comparing projected model galaxies
to the observed maps is adopted (Mancera Pin˜a et al.
2020). The HUDs values estimated in this way deviate
significantly from the BTFR defined by the other sam-
ples.
We plot the 9 gas-rich UDGs in our pilot sample as
stars in Figure 8, with the important caveat that without
H I imaging, we have used i determined from GALFIT
models to deep DECaLS imaging to estimate Vrot (=
W50,c/(2sini), see Section 4.1). The two systems in our
sample with the largest i estimates fall within the scatter
of the BTFR (purple stars), while the rest do not. We
represent the latter systems as pairs of stars connected
by a horizontal line in Figure 8, with the line/symbol
color corresponding to the adopted disk inclination at
that location in the plot given W50,c of the detection in
Table 2. The left-most star of a pair has i correspond-
ing to the best-fitting GALFIT models represented by
white ellipses in the blue box in Figure 6; similar to the
HUDs, these stars imply systems that are outliers from
the BTFR. We note that the spin parameter estimators
computed using this geometry are also extreme, some-
times unphysically so (c.f. SMDG1315427+311846 with
λ ∼ 3 in Figure 3). The right-most star of a pair in-
stead has the b/a required to move the UDGs onto the
BTFR (red dotted line) determined by an orthogonal
distance regression of the SPARC, LITTLE THINGS
and SHIELD points. Red ellipses with these b/a and a
PA and reff fit to the DECaLS imaging are shown in
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Figure 6. Composite grz (55′′×55′′) Legacy Surveys image cutouts of H I-detected UDGs (in the top blue box) and a selection
of the H I non-detections (in the bottom red box). In all panels, the dashed, white ellipses denote the best fitting GALFIT
reff and b/a and the measured color from those fits is in the top-right corner. For H I-detected UDGs, we list the best fitting
GALFIT i in the top-left corner. We also overlay red ellipses corresponding to the required inclination for the object to lie on
the BTFR (see Section 5.3 for details). The scale bar in the bottom-right corner of the top panels represent 1 kpc.
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the blue box in Figure 6, with the inclinations of both
the red and white ellipses given in the top-left corner
of each panel. For most systems that deviate from the
BTFR in our sample, these two ellipses are nearly indis-
tinguishable. Allowing a slightly less extreme shift (i.e.,
2σ ∼ 10 km s−1 off the BTFR, σ determined from 10000
bootstrap realizations) makes the two ellipses virtually
identical.
If gas-rich UDGs do indeed deviate from the BTFR as
suggested by Mancera Pin˜a et al. (2019b), then the un-
derlying structure and composition of these systems dif-
fers fundamentally from that assumed in any of the UDG
formation scenarios posited so far (see Section 5.2). This
hypothesis may be supported by the fact that the BTFR
residuals correlate with disk scale-length for both the
HUDs (Mancera Pin˜a et al. 2020) and for our sample
when the best-fitting i from the GALFIT models are
adopted.
However, the observed effect is also consistent with
an underestimate in the galaxy inclination adopted in
the kinematic models. The plausibility of this scenario
is illustrated by the ellipses in Figure 6: at least in
our sample, the change in i required to move the gas-
rich SMUDGes UDGs in Figure 8 into consistency with
the BTFR is small from the perspective of sky-plane
disk geometry, particularly given the morphological ir-
regularity of the objects in deep optical images. In-
deed, it is plausible that the smooth GALFIT models
applied to the SMUDGes UDG candidates systemati-
cally underestimates b/a (i.e., overestimates i) in our
clumpy H I-confirmed UDGs: the fit is driven by the
asymmetrically-distributed clumps, not the smooth un-
derlying disk. This effect will be investigated in more
detail using known asymmetry measures (e.g., Abra-
ham et al. 1996, 2003; Conselice 2003) once we have
compiled a larger sample. Disk geometry errors would
also naturally explain why the HUDs and other gas-
rich UDGs deviate from the BTFR but not from the
stellar mass-H I mass (Leisman et al. 2017; Spekkens
& Karunakaran 2018, Figure 3) or the H I mass-H I
size (Mancera Pin˜a et al. 2020) relations, which can
be constructed without kinematic modelling and why
high-inclination HUDs (for which large errors in i cor-
respond to small changes in sini) are more consistent
with the BTFR (Mancera Pin˜a et al. 2020). We note
that Mancera Pin˜a et al. (2020) consider and reject this
hypothesis for the HUDs, and we emphasize that ad-
dressing this issue for the SMUDGes UDGs requires H I
imaging with sufficient angular and spectral resolution
to simultaneously model Vrot and i using standard tilted
ring approaches. This is feasible for a small subset of the
H I detections presented here, and work in this regard
is underway.
6. CONCLUSIONS
We have presented GBT H I observations of 70
optically-detected SMUDGes UDG candidates (Z19)
with mg . 19.5 mag in the Coma region. We detect H I
reservoirs in 18 of them (Figure 2), measuring systemic
velocities, Vsys, velocity widths, W50,c, and flux inte-
grals,
∫
Sdv, directly from the spectra. Using kinematic
distances estimated from Vsys, we compute H I masses,
MHI , from the spectra as well as stellar masses, M∗, and
half-light radii, Reff , from GALFIT models to the deep
DECaLS imaging. We use Reff to confirm that 9 of our
H I detections satisfy the size criterion defining UDGs,
while the remainder are foreground dwarfs (Tables 2
and 3). Although only a pilot for a much larger GBT
program that is currently underway, these observations
already represent the largest H I follow-up campaign of
optically-selected UDG candidates ever reported, and
the 9 confirmed UDGs are the largest available sample
of gas-rich optically-selected UDGs.
Comparing the properties of our H I-detected UDGs,
H I-detected foreground dwarfs and our H I non-
detections, we find similar sky distributions relative to
the Coma large-scale structure (Figure 1) but that 8/9
UDGs are in low-density enviroments with no massive
(Mg < −19 mag) companions within Rproj = 300 kpc or
∆Vsys = ±500 km s−1. In addition, our H I detections
typically have counterparts in the NUV if the exposures
are sufficiently deep (& 1000 sec with GALEX). In
DECaLS-depth optical imaging, the gas-rich UDGs are
bluer and smoother in morphology than the UDG candi-
dates that we do not detect in H I but the scatter is large
in both properties (Figure 6). On the other hand, tar-
gets that are both blue and irregular are gas-rich, while
those that are both red and smooth are gas-poor: it is
the combination of optical morphology and color that
best predicts gas richness. Although the angular sizes
of the foreground dwarfs are typically larger than those
of the H I-confirmed UDGs, there is little difference in
optical morphology or color between these subsamples
(Figure 7). Without distance information, foreground
dwarfs contaminate samples of optically blue, irregular
UDG candidates.
Commensurate with tentative results for blue UDGs
around galaxy groups (Spekkens & Karunakaran 2018),
we find evidence for a correlation between the gas rich-
ness, MHI/M∗, and size, Reff , when our H I-confirmed
UDGs are divided into 2 stellar mass bins (Figure 4).
This trend is broadly consistent with the star forma-
tion feedback model for UDG formation (di Cintio et al.
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Figure 7. Same as Figure 6, but for H I-detected foreground dwarf galaxies and the scale bar represents 200 pc.
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2017), which predicts that more gas-rich UDGs should
have larger physical sizes at fixed stellar mass. We also
find that the H I-confirmed UDGs have elevated spin
parameter estimators relative to the distribution in the
broader gas-rich galaxy population (Figure 3). This may
support a scenario in which UDGs are embedded in high-
spin dark matter halos (Amorisco & Loeb 2016), but the
large uncertainty and strong model dependence of our
estimates preclude strong constraints on UDG formation
scenarios.
Using best-fitting inclinations, i, from smooth GAL-
FIT models of the deep DECaLS imaging to estimate
rotation velocities Vrot = W50,c/2sini for the H I-
confirmed UDGs, we find that most have lower Vrot than
expected from the BTFR defined by gas-rich galaxies
with H I rotation curves and disk geometries derived
from kinematic models (Figure 8). We also find that
small changes in projected disk geometry, plausibly ex-
plained by the application of smooth GALFIT models to
clumpy star-forming objects, are sufficient to reconcile
these discrepancies (Figures 6 and 8). The offset between
our H I-confirmed UDGs and the BTFR resembles that
found by Mancera Pin˜a et al. (2019b, 2020) for a sample
of marginally-resolved HUDs using a new technique for
constraining i separately from Vrot. While it is possible
these objects have underlying mass distributions that
differ fundamentally from those of the broader galaxy
population, we note that overestimating i also reproduce
the effect while naturally explaining the consistency of
edge-on HUDs with the BTFR and of both edge-on and
intermediate-i HUDs with scaling relations that do not
depend on i.
The pilot survey results presented here provide some
initial insight into the properties of gas-rich UDGs and
the mechanisms by which they form. Despite being the
largest of its kind, our sample of confirmed gas-rich
optically-detected UDGs remains small. A much larger
SMUDGes H I follow-up campaign is underway at the
GBT. We ultimately plan on targeting over 200 objects,
and expect to confirm at least 50 UDGs. This larger sam-
ple will enable quantitative investigations of the inter-
play between gas richness and UDG properties in order
to understand how they form and evolve. Furthermore,
it will also provide predictive insight into the gas prop-
erties of UDG candidates in the eventual ∼ 10, 000 deg2
SMUDGes survey.
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Table 2. Properties of UDG with H I detections
Name ∆V σ∆V Vsys W50,c SHI DHI log(MHI ) log(M∗) logMbary Reff Incl. Vrot λ
(km s−1) (mJy) (km s−1) (km s−1) (Jy km s−1) (Mpc) (log[M]) (log[M]) (log[M]) (kpc) (deg) (km s−1)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)
SMDG1220188+280131 10 1.86 2283 ± 2 32 ± 2 0.61 ± 0.10 32.6 ± 0.5 8.19 ± 0.07 6.89 ± 0.02 8.33 ± 0.07 2.0 ± 0.1 52 ∼ 20 ∼ 0.28
SMDG1225185+270858 20 0.69 5888 ± 5 63 ± 7 0.17 ± 0.07 84.1 ± 1.2 8.44 ± 0.19 7.55 ± 0.02 8.60 ± 0.17 2.6 ± 0.1 53 ∼ 40 ∼ 0.14
SMDG1226040+241802 15 0.66 11585 ± 3 34 ± 4 0.26 ± 0.05 165.5 ± 2.4 9.22 ± 0.08 8.03 ± 0.02 9.36 ± 0.08 4.5 ± 0.1 37 ∼ 28 ∼ 0.39
SMDG1230359+273311 25 0.56 6794 ± 3 102 ± 5 0.37 ± 0.08 97.1 ± 1.4 8.91 ± 0.10 7.28 ± 0.02 9.04 ± 0.10 3.1 ± 0.1 69 ∼ 55 ∼ 0.10
SMDG1241424+273353 10 1.52 7766 ± 2 17 ± 2 0.26 ± 0.06 110.9 ± 1.6 8.87 ± 0.10 7.82 ± 0.02 9.03 ± 0.10 3.8 ± 0.1 38 ∼ 14 ∼ 0.96
SMDG1248019+261236 25 0.51 6043 ± 5 32 ± 7 0.24 ± 0.05 86.3 ± 1.2 8.63 ± 0.09 7.38 ± 0.02 8.77 ± 0.09 2.8 ± 0.1 36 ∼ 27 ∼ 0.25
SMDG1301005+210355 25 0.53 7051 ± 3 31 ± 5 0.13 ± 0.05 100.7 ± 1.4 8.49 ± 0.15 7.62 ± 0.02 8.66 ± 0.14 3.6 ± 0.2 51 ∼ 20 ∼ 0.52
SMDG1312223+312320 20 1.05 7487 ± 3 42 ± 4 0.26 ± 0.09 107.0 ± 1.5 8.84 ± 0.15 7.43 ± 0.02 8.98 ± 0.14 3.0 ± 0.1 42 ∼ 31 ∼ 0.22
SMDG1315427+311846 25 0.99 7486 ± 6 13 ± 8 0.51 ± 0.08 106.9 ± 1.5 9.14 ± 0.07 7.83 ± 0.02 9.28 ± 0.07 5.8 ± 0.3 47 ∼ 9 ∼ 2.94
Note—col.(2): Velocity resolution of spectrum used to compute H I properties (see Figure 2). col.(3): RMS noise of spectrum at ∆V in col.(2). col.(4): Heliocentric systemic
velocity. col.(5): Velocity width of the H I detection, corrected for cosmological redshift and instrumental broadening. col.(6): Integrated H I flux. col.(7): Distance
estimated using the Hubble-Lemaˆıtre Law, Vsys and H0 = 70 km s
−1 Mpc−1. col.(8): Logarithm of H I mass calculated from Eq.1 using SHI in col.(6) and DHI in
col.(7). col.(9): Logarithm of stellar mass calculated using mg and g−z from Table 1, DHI , and the corresponding relation from Zibetti et al. (2009). col.(10): Logarithm
of baryonic mass, 1.33MHI + M∗. col.(11): Effective radius in physical units. col.(12): Inclination calculated using Eq.2, b/a from Table 1, and an intrinsic axial ratio
of q0 = 0.2. col.(13): Rotational velocity calculated using W50,c and i in cols.(5) and (12), respectively. col.(14): Spin parameter estimator calculated using Eq.3, with
Reff and Vrot in cols.(11) and (14), respectively.
Table 3. H I Properties of Dwarfs
Name ∆V σ∆V Vsys W50,c SHI DHI log(MHI ) Reff
(km s−1) (mJy) (km s−1) (km s−1) (Jy km s−1) (Mpc) (log[M]) (kpc)
(1) (2) (3) (4) (5) (6) (7) (8) (9)
SMDG1103517+284120 10 2.46 668 ± 2 26 ± 3 0.97 ± 0.13 9.5 ± 0.1 7.32 ± 0.06 0.75 ± 0.04
SMDG1223451+283549 20 0.51 2377 ± 4 59 ± 5 0.34 ± 0.05 34.0 ± 0.5 7.97 ± 0.07 0.78 ± 0.02
SMDG1231329+232916 25 0.82 1060 ± 6 8 ± 8 0.44 ± 0.07 15.1 ± 0.2 7.38 ± 0.07 0.77 ± 0.02
SMDG1239050+323016 10 0.82 613 ± 1 32 ± 2 0.19 ± 0.04 8.8 ± 0.1 6.54 ± 0.09 0.42 ± 0.02
SMDG1240017+261919 10 2.24 452 ± 2 13 ± 3 0.72 ± 0.10 6.5 ± 0.1 6.85 ± 0.06 0.30 ± 0.01
SMDG1253571+291500 25 0.45 502 ± 4 67 ± 5 0.23 ± 0.05 7.2 ± 0.1 6.45 ± 0.10 0.22 ± 0.01
SMDG1255412+191221 5 4.76 420 ± 1 19 ± 2 4.37 ± 0.21 6.0 ± 0.1 7.57 ± 0.02 0.75 ± 0.02
SMDG1306148+275941 15 0.55 2559 ± 3 42 ± 4 0.15 ± 0.04 36.6 ± 0.5 7.67 ± 0.12 1.28 ± 0.03
SMDG1313188+312452 25 1.25 802 ± 5 13 ± 8 0.50 ± 0.10 11.5 ± 0.2 7.19 ± 0.09 1.24 ± 0.07
Note—All parameters have the same definitions as in Table 2.
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Table 4. H I Properties of Non-detections
Name Dlim log(M
lim
HI ) (M
lim
HI /Lg)
(Mpc) (log[M]) (M/L)
(1) (2) (3) (4)
SMDG1217378+283519 7 6.22 1.27
SMDG1217443+332043 100 8.61 0.96
SMDG1217451+281724 100 8.35 2.22
SMDG1220212+290831 100 8.39 1.43
SMDG1221086+292920* 14.6 6.96 1.32
SMDG1221235+303643 100 8.69 1.89
SMDG1221401+284346 100 8.49 1.50
SMDG1221497+283111 100 8.7 1.92
SMDG1221577+281436 100 8.8 1.06
SMDG1223448+295949 100 8.54 1.58
SMDG1224082+280544 100 8.41 0.82
SMDG1224166+291506 100 8.18 1.49
SMDG1225265+311646* 100 8.59 1.19
SMDG1231418+264433 100 8.3 2.49
SMDG1237277+333048 100 8.33 1.19
SMDG1239267+274736 100 8.41 1.81
SMDG1239503+244949 100 8.53 1.36
SMDG1240119+251447 100 8.4 2.76
SMDG1247233+180140 100 8.69 1.02
SMDG1249413+270645 100 8.27 1.49
SMDG1251013+274753* 87 8.5 1.86
SMDG1253048+253121 100 8.44 1.97
SMDG1253151+274115* 100 8.28 1.63
SMDG1253489+273934 100 8.79 2.86
SMDG1254252+194332 100 8.61 0.83
SMDG1254556+285846 100 8.45 1.89
SMDG1255336+213035 100 8.12 1.59
SMDG1307464+291230 100 8.44 2.51
SMDG1308296+271354 100 8.35 1.98
SMDG1322561+314804 100 8.61 2.06
SMDG1226306+220532 100 8.63 0.95
SMDG1231070+253508* 100 8.62 2.28
SMDG1232244+274043 100 8.22 1.46
SMDG1233516+234545 100 8.49 0.73
SMDG1234503+293313 100 8.49 1.34
SMDG1235065+263342 100 8.27 1.57
SMDG1240490+254406 100 8.45 3.50
SMDG1241097+221223 100 8.33 1.92
SMDG1245022+230956 100 8.28 1.44
SMDG1246029+255724 100 8.51 1.54
SMDG1248202+183824 100 8.7 0.37
SMDG1249353+253106 100 8.56 0.72
SMDG1251291+284433* 100 8.29 2.80
SMDG1251337+314240 100 8.44 1.12
SMDG1251371+244922 100 8.46 1.28
SMDG1252056+221556 100 8.2 1.71
SMDG1252402+262602* 100 8.48 0.85
SMDG1302417+215954 3.8 5.94 0.25
SMDG1306158+273459 100 8.35 2.32
SMDG1312226+195525 100 8.27 1.68
SMDG1322538+220445* 100 8.4 1.72
SMDG1333509+275006 100 8.38 1.72
aKadowaki et al., in prep,bKadowaki et al. (2017),cKim et al.
(2014)
Note—col. (2): Adopted distance in Eq.4; see text for details.
col. (3): 5σ upper limit on MHI calculated from Eq.4 using
Dlim from col. (2) and σ50 from Table 1. col.(4): Upper
limit on the gas richness (which is distance independent).
Haynes, M. P., Giovanelli, R., Kent, B. R., et al. 2018, ApJ,
861, 49, doi: 10.3847/1538-4357/aac956
Hernandez, X., Park, C., Cervantes-Sodi, B., & Choi, Y.-Y.
2007, MNRAS, 375, 163,
doi: 10.1111/j.1365-2966.2006.11274.x
Huang, S., Haynes, M. P., Giovanelli, R., & Brinchmann, J.
2012, ApJ, 756, 113, doi: 10.1088/0004-637X/756/2/113
Huchtmeier, W. K., Karachentsev, I. D., & Karachentseva,
V. E. 2009, A&A, 506, 677,
doi: 10.1051/0004-6361/200911774
Impey, C., Bothun, G., & Malin, D. 1988, ApJ, 330, 634,
doi: 10.1086/166500
Iorio, G., Fraternali, F., Nipoti, C., et al. 2017, MNRAS,
466, 4159, doi: 10.1093/mnras/stw3285
Jiang, F., Dekel, A., Freundlich, J., et al. 2019, MNRAS,
487, 5272, doi: 10.1093/mnras/stz1499
Kadowaki, J., Zaritsky, D., & Donnerstein, R. L. 2017,
ApJL, 838, L21, doi: 10.3847/2041-8213/aa653d
Kamphuis, P., Jo´zsa, G. I. G., Oh, S. . H., et al. 2015,
MNRAS, 452, 3139, doi: 10.1093/mnras/stv1480
Karachentsev, I. D., Kaisina, E. I., & Makarov, D. I. 2014,
AJ, 147, 13, doi: 10.1088/0004-6256/147/1/13
Karunakaran, A., Spekkens, K., Bennet, P., et al. 2020, AJ,
159, 37, doi: 10.3847/1538-3881/ab5af1
Kim, S., Rey, S.-C., Jerjen, H., et al. 2014, ApJS, 215, 22,
doi: 10.1088/0067-0049/215/2/22
Koda, J., Yagi, M., Yamanoi, H., & Komiyama, Y. 2015,
ApJL, 807, L2, doi: 10.1088/2041-8205/807/1/L2
Kubo, J. M., Stebbins, A., Annis, J., et al. 2007, ApJ, 671,
1466, doi: 10.1086/523101
Lee, J. H., Kang, J., Lee, M. G., & Jang, I. S. 2020, arXiv
e-prints, arXiv:2004.01340.
https://arxiv.org/abs/2004.01340
Leisman, L., Haynes, M. P., Janowiecki, S., et al. 2017,
ApJ, 842, 133, doi: 10.3847/1538-4357/aa7575
Lelli, F., McGaugh, S. S., & Schombert, J. M. 2016, ApJL,
816, L14, doi: 10.3847/2041-8205/816/1/L14
Lewis, C. 2019, PhD thesis, Queen’s University. https://
qspace.library.queensu.ca/handle/1974/26606?show=full
Liao, S., Gao, L., Frenk, C. S., et al. 2019, MNRAS, 490,
5182, doi: 10.1093/mnras/stz2969
Mancera Pin˜a, P. E., Aguerri, J. A. L., Peletier, R. F., et al.
2019a, MNRAS, 485, 1036, doi: 10.1093/mnras/stz238
Mancera Pin˜a, P. E., Fraternali, F., Adams, E. A. K., et al.
2019b, ApJL, 883, L33, doi: 10.3847/2041-8213/ab40c7
Mancera Pin˜a, P. E., Fraternali, F., Oman, K. A., et al.
2020, arXiv e-prints, arXiv:2004.14392.
https://arxiv.org/abs/2004.14392
Martin, M. C. 1998, A&AS, 131, 73,
doi: 10.1051/aas:1998252
Mart´ın-Navarro, I., Romanowsky, A. J., Brodie, J. P., et al.
2019, MNRAS, 484, 3425, doi: 10.1093/mnras/stz252
Mart´ınez-Delgado, D., La¨sker, R., Sharina, M., et al. 2016,
AJ, 151, 96, doi: 10.3847/0004-6256/151/4/96
20 Karunakaran et al.
Mihos, J. C., Durrell, P. R., Ferrarese, L., et al. 2015,
ApJL, 809, L21, doi: 10.1088/2041-8205/809/2/L21
Morrissey, P., Conrow, T., Barlow, T. A., et al. 2007,
ApJS, 173, 682, doi: 10.1086/520512
Mu¨ller, O., Jerjen, H., & Binggeli, B. 2018, A&A, 615,
A105, doi: 10.1051/0004-6361/201832897
Pandya, V., Romanowsky, A. J., Laine, S., et al. 2018, ApJ,
858, 29, doi: 10.3847/1538-4357/aab498
Papastergis, E., Adams, E. A. K., & Romanowsky, A. J.
2017, A&A, 601, L10, doi: 10.1051/0004-6361/201730795
Peng, C. Y., Ho, L. C., Impey, C. D., & Rix, H.-W. 2010,
AJ, 139, 2097, doi: 10.1088/0004-6256/139/6/2097
Price-Whelan, A. M., Sipo˝cz, B. M., Gu¨nther, H. M., et al.
2018, AJ, 156, 123, doi: 10.3847/1538-3881/aabc4f
Prole, D. J., Davies, J. I., Keenan, O. C., & Davies, L. J. M.
2018, MNRAS, 478, 667, doi: 10.1093/mnras/sty1021
Prole, D. J., van der Burg, R. F. J., Hilker, M., & Davies,
J. I. 2019a, MNRAS, 488, 2143,
doi: 10.1093/mnras/stz1843
Prole, D. J., Hilker, M., van der Burg, R. F. J., et al.
2019b, MNRAS, 484, 4865, doi: 10.1093/mnras/stz326
Rogstad, D. H., Lockhart, I. A., & Wright, M. C. H. 1974,
ApJ, 193, 309, doi: 10.1086/153164
Roma´n, J., Beasley, M. A., Ruiz-Lara, T., & Valls-Gabaud,
D. 2019, MNRAS, 486, 823, doi: 10.1093/mnras/stz835
Roma´n, J., & Trujillo, I. 2017, MNRAS, 468, 4039,
doi: 10.1093/mnras/stx694
Rong, Y., Guo, Q., Gao, L., et al. 2017, MNRAS, 470,
4231, doi: 10.1093/mnras/stx1440
Ruiz-Lara, T., Beasley, M. A., Falco´n-Barroso, J., et al.
2018, MNRAS, 478, 2034, doi: 10.1093/mnras/sty1112
Sales, L. V., Navarro, J. F., Pen˜afiel, L., et al. 2020,
MNRAS, 494, 1848, doi: 10.1093/mnras/staa854
Sandage, A., & Binggeli, B. 1984, AJ, 89, 919,
doi: 10.1086/113588
Schombert, J. M., Bothun, G. D., Schneider, S. E., &
McGaugh, S. S. 1992, AJ, 103, 1107, doi: 10.1086/116129
Schombert, J. M., Pildis, R. A., & Eder, J. A. 1997, ApJS,
111, 233, doi: 10.1086/313016
Shi, D. D., Zheng, X. Z., Zhao, H. B., et al. 2017, ApJ, 846,
26, doi: 10.3847/1538-4357/aa8327
Sicking, F. J. 1997, PhD thesis, University of Groningen
Sifo´n, C., van der Burg, R. F. J., Hoekstra, H., Muzzin, A.,
& Herbonnet, R. 2018, MNRAS, 473, 3747,
doi: 10.1093/mnras/stx2648
Singh, P. R., Zaritsky, D., Donnerstein, R., & Spekkens, K.
2019, AJ, 157, 212, doi: 10.3847/1538-3881/ab16f2
Spekkens, K., & Karunakaran, A. 2018, ApJ, 855, 28,
doi: 10.3847/1538-4357/aa94be
Spekkens, K., Mason, B. S., Aguirre, J. E., & Nhan, B.
2013, ApJ, 773, 61, doi: 10.1088/0004-637X/773/1/61
Springob, C. M., Haynes, M. P., Giovanelli, R., & Kent,
B. R. 2005, ApJS, 160, 149, doi: 10.1086/431550
Trujillo, I., & Fliri, J. 2016, ApJ, 823, 123,
doi: 10.3847/0004-637X/823/2/123
Trujillo, I., Roman, J., Filho, M., & Sa´nchez Almeida, J.
2017, ApJ, 836, 191, doi: 10.3847/1538-4357/aa5cbb
Trujillo, I., Beasley, M. A., Borlaff, A., et al. 2018, arXiv
e-prints, arXiv:1806.10141.
https://arxiv.org/abs/1806.10141
van Dokkum, P., Danieli, S., Abraham, R., Conroy, C., &
Romanowsky, A. J. 2019, arXiv e-prints,
arXiv:1901.05973. https://arxiv.org/abs/1901.05973
van Dokkum, P., Abraham, R., Brodie, J., et al. 2016, ApJ,
828, L6, doi: 10.3847/2041-8205/828/1/L6
van Dokkum, P., Danieli, S., Cohen, Y., et al. 2018, Nature,
555, 629, doi: 10.1038/nature25767
van Dokkum, P. G., Abraham, R., Merritt, A., et al. 2015a,
ApJL, 798, L45, doi: 10.1088/2041-8205/798/2/L45
van Dokkum, P. G., Romanowsky, A. J., Abraham, R.,
et al. 2015b, ApJL, 804, L26,
doi: 10.1088/2041-8205/804/1/L26
Venhola, A., Peletier, R., Laurikainen, E., et al. 2017,
A&A, 608, A142, doi: 10.1051/0004-6361/201730696
Wang, L., Dutton, A. A., Stinson, G. S., et al. 2015,
MNRAS, 454, 83, doi: 10.1093/mnras/stv1937
Yagi, M., Koda, J., Komiyama, Y., & Yamanoi, H. 2016,
ApJS, 225, 11, doi: 10.3847/0067-0049/225/1/11
Yozin, C., & Bekki, K. 2015, MNRAS, 452, 937,
doi: 10.1093/mnras/stv1073
Zaritsky, D. 2017, MNRAS, 464, L110,
doi: 10.1093/mnrasl/slw198
Zaritsky, D., Donnerstein, R., Dey, A., et al. 2019, The
Astrophysical Journal Supplement Series, 240, 1,
doi: 10.3847/1538-4365/aaefe9
Zibetti, S., Charlot, S., & Rix, H.-W. 2009, MNRAS, 400,
1181, doi: 10.1111/j.1365-2966.2009.15528.x
